Purpose-To evaluate the role of the addition of consolidative radiation therapy after high-dose chemotherapy and autologous hematopoietic cell transplantation (AHCT) for relapsed or refractory Hodgkin lymphoma (HL).
Introduction
The past several decades have witnessed significant advances and refinements in the treatment of Hodgkin lymphoma (HL). Currently the majority of patients with HL, including those with advanced disease, can be cured by means of conventional chemotherapy and/or radiation (1) (2) (3) (4) (5) ). Yet patients with relapsed or refractory disease require subsequent salvage options.
High-dose chemotherapy with autologous hematopoetic cell transplantation (AHCT) has been shown to be superior to conventional chemotherapy regimens in the setting of recurrent disease (6, 7) . The areas involved at the time of recurrence are typically the most common sites for treatment failure after AHCT, which has prompted interest in the use of consolidative radiation therapy in this setting (8) (9) (10) . However, the widespread use of consolidative radiation therapy remains controversial (11, 12) , in part owing to concern for increased treatment-related toxicity and secondary malignancies (13, 14) . Although there are no large, randomized prospective studies that have explicitly addressed the role of consolidation radiation therapy, several retrospective series have demonstrated a potential benefit in terms of disease control and/or overall survival with the use of radiation therapy in the transplant setting (10, (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) .
The purpose of this study was to further clarify the role of radiation therapy in patients undergoing AHCT for the treatment of relapsed or refractory HL. To this end, we retrospectively examined a cohort of HL patients treated uniformly at University of Minnesota on a single institutional protocol and analyzed the impact of consolidation radiation therapy on disease control and survival.
Methods and Materials Patients
Using prospectively collected data from University of Minnesota Blood and Marrow Transplantation Database, we analyzed 80 consecutive patients (40 male/40 female) with HL who underwent AHCT using uniform conditioning between November 2005 and January 2014. This study was approved by the institutional review board at University of Minnesota, and all patients signed institutional review board-approved informed consent forms and were treated according to the Declaration of Helsinki.
Eligibility criteria for transplant included age <75 years, Karnofsky performance status >80%, and no evidence of serious end-organ dysfunction. Patients with early-stage disease initially treated with primary radiation therapy were required to have failed at least one salvage chemotherapy regimen, whereas those with advanced disease needed to have failed an adriamycin-containing regimen or an alternative non-cross-resistant regimen.
We defined bulky disease as any adenopathy or tumor mass measuring ≥5 cm in greatest dimension before the initiation of pretransplant salvage chemotherapy (10, 17, 20) . The number of discrete disease relapses before AHCT was also recorded for each patient, with those who never achieved a remission to initial therapy before transplant evaluation characterized as having primary refractory disease.
Transplant protocol
Pretransplant salvage therapy with non-cross-resistant chemotherapy was administered before transplantation. Patients without an objective response after completion of 3 cycles of chemotherapy (ie, those with stable or progressive disease) were deemed ineligible for autotransplantation.
Patients with a complete response to pretransplant chemotherapy underwent stem cell mobilization by granulocyte colony-stimulating factor alone. Those with a partial response requiring additional disease reduction received chemomobilization with ifosfamide, carboplatin, and etoposide. Transplant conditioning consisted of cyclophosphamide 1.5 g/m 2 daily × 4 days, carmustine 300 mg/m 2 1 × day, and etoposide 150 mg/m 2 every 12 hours × 6 doses, followed by infusion of autologous hematopoietic cells. We used standard supportive care as previously described (25) .
Imaging
Disease status was evaluated by positron emission tomography (PET)/computerized tomography (CT) before transplant and at day +100 after transplant and by CT at day +28, every 3 months for 1 year, and at 18 and 24 months thereafter using standard response criteria for HL. A complete remission by PET was denoted if fluorodeoxyglucose uptake was equal to or less than mediastinal uptake (26, 27) . A partial remission was defined as residual fluorodeoxyglucose uptake greater than mediastinal uptake, provided it had decreased in comparison with baseline pretreatment PET/CT imaging (28) .
Consolidation radiation therapy
Per protocol, patients with persistent nodal masses ≥2 cm or sites suspicious for residual disease involvement on day +28 posttransplant CT were referred for consideration of consolidative radiation therapy after adequate recovery of their blood counts (absolute neutrophil counts >1500/μL and platelets >100,000/μL). Consolidative radiation therapy was administered at the discretion of the treating radiation oncologist.
Statistical analysis
Data on patient characteristics, posttransplantation outcomes, and complications were prospectively collected by the Biostatistical Support Group at University of Minnesota using standardized collection procedures. Patients and disease characteristics were summarized using descriptive statistics. Statistical comparisons of these variables between groups were completed by nonparametric Wilcoxon test for continuous factors and Pearson χ 2 test for categorical factors. All patients were followed longitudinally until death or censored at last follow-up. The end points included overall survival (OS) and progression-free survival (PFS). Progression-free survival was defined as the time until the first clinical or radiographic evidence of disease recurrence/progression or death from any cause. Both OS and PFS were measured from the time of transplant. The Kaplan-Meier method was used to estimate OS and PFS. Statistical comparisons of OS and PFS between groups were completed by the log-rank test. Nine factors were considered in the univariate analysis: consolidation RT (yes/no), bulky disease (yes/no), B-symptoms (yes/no), disease status (first or second relapse vs primary refractory), stage at relapse (I/II vs III/IV), prior radiation therapy (yes/no), posttransplant tumor size (<2 cm vs ≥2 cm), age (<30 years vs ≥30 years), and response to pretransplant therapy (complete remission vs partial remission). Only factors with clinical meaning or with a univariable P value <.20 were used for multivariable analysis. Although response to pretransplant therapy showed a significant association with PFS, it was not included in the multivariable analysis because of its strong correlation with bulky disease, disease status, and posttransplant tumor size.
All statistical analyses were performed with Statistical Analysis System statistical software, version 9.3 (SAS Institute, Cary, NC).
Results

Patient, disease, and transplant characteristics
Characteristics of the 80 consecutive patients studied are summarized in Table 1 . Of these, a total of 32 patients received consolidative radiation therapy, whereas 48 did not. The median radiation therapy dose was 30.6 Gy (range, 16-44 Gy), and all radiation therapy was delivered within 6 months of transplantation (median 84 days; range, 36-181 days). The patients who received consolidative radiation therapy tended to be younger (median age 27 vs 34 years, P=.03) and were more likely to have bulky disease (81.3% vs 50%, P<.01) and persistent nodal masses ≥2 cm after AHCT (59.4% vs 46.3%, P=.05) compared with the control group. There was otherwise no difference between the 2 groups in terms of stage at relapse, the presence of B-symptoms, the proportion with primary refractory disease, the use of prior radiation therapy, or the response to pretransplant chemotherapy (Table 1) .
Radiation was generally administered to localized fields and limited to the areas of disease involvement before transplant or those that were radiographically suspicious for residual disease burden. Of the 32 patients who received consolidative radiation therapy, 16 received treatment to a single site, 13 to 2 sites, and 3 to 3 sites. The mediastinum was the most frequently treated site (81% of patients), followed by the head and neck (44%), axilla (13%), and abdominal and pelvic regions (13%).
Posttransplant outcomes
After a median follow-up of 25 months (range, 1-96 months), there were a total of 36 disease relapses and 3 deaths due to relapsed disease within the entire cohort. Two-year PFS and OS were 52% and 96%, respectively.
Patients who had received consolidative radiation therapy had a significantly improved 2-year PFS compared with the control group (67% vs 42%, P<.01; Fig. 1 , Table 2 ). There was no significant difference in the 2-year OS between the groups (radiation therapy 100% vs control 93%, P=.15; Fig. 1 , Table 2 ). Improved 2-year PFS was also observed in patients without B-symptoms (72% vs 36%, P<.01), those with relapsed versus refractory disease (65% vs 29%, P<.01), and those who achieved a complete remission to pretransplant chemotherapy (64% vs 41%, P=.03). Overall survival was not affected by any of these factors. None of these groups were found to significantly affect 2-year OS (Table 2) .
When stratified by the use of consolidative radiation therapy, 2-year PFS was improved in patients with bulky disease (62% radiation therapy vs 39% no radiation therapy, P=.02), Bsymptoms (48% radiation therapy vs 28% no radiation therapy, P=.05), those with primary refractory disease (47% radiation therapy vs 32% no radiation therapy, P=.02), and patients with a partial remission on pretransplant imaging (47% radiation therapy vs 32% no radiation therapy, P=.02) (Fig. 2) .
On multivariate analysis, after adjusting for other factors, the use of consolidative radiation therapy was associated with 4.6-fold lower risk of treatment failure when controlling for the presence of B-symptoms, refractory versus relapsed disease, stage at relapse, tumor size, and age. In addition to radiation therapy, the presence of B-symptoms (hazard ratio 3.2, P<.01) and refractory disease (hazard ratio 3.5, P<.01) was also independently associated with a higher risk of disease progression after AHCT (Table 3 ).
There were a total of 9 relapses among the patients receiving radiation therapy. Three of these relapses occurred only within the treatment field, 3 occurred at sites distant from the treatment field, and 3 were simultaneous distant and local failures. There were a total of 27 relapses among the patients who did not receive radiation therapy. Nearly half (n=13) of the failures occurred within the sites of disease involvement before transplant, whereas 10 were simultaneous distant and local failures, with 4 distant-only failures.
Toxicity
Consolidative radiation therapy was very well tolerated. Among the 32 patients who received radiation therapy, 11 developed grade 1 to 2 esophagitis, and 2 developed grade 1 to 2 mucositis. There was additionally a single case each of grade 3 pneumonitis and esophagitis reported within the radiation therapy cohort, both of which resolved with supportive management. There were otherwise no grade 4 or 5 acute toxicities observed within any of the patients reported in this study. Assessment of late toxicity is limited by the relatively short follow-up time.
Discussion
We examined 80 patients with relapsed and refractory HL undergoing high-dose chemotherapy followed by AHCT and report a significant improvement in the 2-year PFS associated with the use of posttransplant consolidation radiation therapy to site(s) of prior HL involvement. The benefit of radiation was observed despite the fact that the RT group was enriched with higher-risk patients. Furthermore, improvement in PFS remained significant when accounting for the presence of B-symptoms, relapsed versus refractory disease, stage at relapse, posttransplant tumor size, and patient age.
The 2-year overall survival was quite favorable among our entire study population, with only 3 observed deaths, which were all due to disease progression. Given the limited number of events, relatively short follow-up, and new treatment of options for relapsed HL, we did not observe any differences in the overall survival of the compared groups. Nearly all of the patients with disease relapse after AHCT received additional therapy, and many subsequently received allogeneic transplantation. We anticipate that with further follow-up we could see additional lymphoma-related deaths and possibly a divergence in the survival curves with consolidation radiation therapy, as well as among other patient subgroups.
High-dose chemotherapy and AHCT is the current standard of care for patients with relapsed or refractory HL. More recently, the randomized AETHERA study demonstrated approximately 20% improvement in PFS using brentuximab vedotin (BV) consolidation after AHCT (29) . Therapy with BV has been used between days 28 and 60 after AHCT, and in this trial selected patients were treated sequentially with posttransplant radiation therapy (29) . Given that BV maintenance is recommended in all high-risk HL patients regardless of residual mass, our data suggest that consolidation with BV and radiation therapy may be synergistic to reduce locoregional recurrence. The role of consolidation radiation therapy in the posttransplant setting, though, remains controversial owing to a lack of prospective evidence from studies designed to address this issue. As a result there is significant institutional variability in the use of radiation therapy in this patient population.
In Table 4 we report several retrospective studies that examined the role of consolidation radiation in the peri-transplant setting. Most suggested a benefit with judicious application of radiation therapy (Table 4) . Our results support other single-institutional series, including a study of 92 patients with relapsed/refractory HL by Kahn et al (17) , which found a significant improvement in disease free survival with the use of pre-or posttransplant radiation therapy when stratified by disease bulk, as well as a study by Poen et al (20) , which found an improvement in freedom from relapse associated with the use of consolidation radiation therapy in a group of 62 patients with stage I-III HL undergoing high-dose chemotherapy and AHCT.
The critical issue that continues to need to be addressed is the appropriate selection criteria of the patients who would achieve the largest benefit with consolidation radiation therapy. We found that the addition of consolidation radiation therapy resulted in an improved PFS in patients with high-risk factors, such as the presence of B-symptoms, those with a partial response on pretransplant PET imaging, and those with primary refractory disease. Of note, the majority of our patients received consolidative treatment to the mediastinum, which is the common site of persistent disease on posttransplant CT. As the treatment of patients with relapsed or refractory HL continues to evolve, such as the inclusion of brentuximab as a consolidation after AHCT (29) , there is a heightened necessity to define the role of consolidative radiation therapy in this group.
We observed minimal acute toxicity associated with the use of consolidation radiation. In contrast to other institutional series, our patients received radiation therapy exclusively in the posttransplant setting, after adequate recovery of blood counts. Such a practice may have contributed to the limited peri-transplant morbidity in our series (14) . Another contributing factor was likely our use of limited radiation therapy fields. Because of concern for enhanced radiation-induced toxicity in the immediate posttransplant setting, the radiation fields typically encompassed only the sites concerning for residual disease/radiologic suspicious areas. Half of the patients receiving consolidative radiation therapy (16 of 32) had treatment to a single site, whereas the remainder received treatment to 2 (13 of 39) or 3 (3 of 39) sites. The most common side effect related to radiation therapy was mild to moderate esophagitis, which was not unexpected given the preponderance of mediastinal radiation therapy in the treated patients. We additionally did not observe any severe acute grade 4 or 5 toxicities related to therapy. There were no recorded severe radiation-induced late effects within our study population, although admittedly the follow-up interval was somewhat limited, and it is possible that we would witness additional treatment-related toxicities associated with a longer follow-up duration.
There are several limitations to our study. Despite being one of the larger series, we had only 80 total patients. Given the small sample size and the emerging salvage options, only 3 deaths were observed during the study period, which limited the OS analysis. However, a total of 36 relapses occurred, therefore a meaningful assessment of the role of consolidative radiation therapy on PFS was still possible. As with any retrospective studies, selection bias exists. In particular, although protocol stipulates the referral of patients with persistent nodal disease on posttransplant CT scan, the decisions to refer as well as to treat were left to the discretion of the physicians. Our analysis was strengthened by taking into account multiple known risk factors. Furthermore, because patient information was collected into the transplant database in a prospective manner, there were relatively few missing data.
In summary, we have observed a significant improvement in the 2-year PFS with the addition of consolidation radiation therapy after high-dose chemotherapy and AHCT. This study represents one of the largest patient cohorts published to date, with the results supporting the observations of several other institutional series in the literature. The advantage of our study is that the examined patients were treated over a relatively compact time frame under a single-institutional protocol, which represents a more homogeneous treatment paradigm compared with other retrospective analyses. Altogether, this study adds to a growing body of literature supporting a beneficial role to consolidation radiation therapy in the transplant setting and highlights the need for prospective trials exploring this subject.
Summary
This was a retrospective analysis to evaluate the role of consolidation radiation therapy in the treatment of patients with relapsed or refractory Hodgkin lymphoma undergoing salvage therapy with high-dose chemotherapy and autologous hematopoietic cell transplantation. The results showed a significant improvement in 2-year progression-free survival among patients who received consolidation radiation therapy versus observation, although 2-year overall survival was similar in compared groups. Table 4 Review of previous retrospective studies evaluating consolidation radiation therapy after ASCT for HL Int J Radiat Oncol Biol Phys. Author manuscript; available in PMC 2018 September 01.
